Introduction
In the last twenty-five years the study of the spin structure of the nucleon led to a very productive experimental and theoretical activity with exciting results and new challenges.
1 This investigation has included a variety of aspects, such as testing QCD in its perturbative regime via spin sum rules (like the Bjorken sum rule 2 ) and understanding how the spin of the nucleon is built from the intrinsic degrees of freedom of the theory, quarks and gluons. Recently, results from a new generation of experiments performed at Jefferson Lab seeking to probe the theory in its non-perturbative and transition regimes have reached a mature state. The low momentum-transfer results offer insight in a region known for the collective behavior of the nucleon constituents and their interactions. Furthermore, distinct features seen in the nucleon response to the electromagnetic probe, depending on the resolution of the probe, point clearly to different regimes of description, i.e. a scaling regime where quark-gluon correlations are suppressed versus a coherent regime where long-range interactions give rise to the static properties of the nucleon.
In this talk we describe an investigation 4-9 of the spin structure of the nucleon through the measurement of the helicity-dependent photoabsorption cross sections or asymmetries using virtual photons across a wide resolution spectrum. These observables are used to extract the spin structure functions g 1 and g 2 and evaluate their moments. These moments are powerful tools to test QCD sum rules and Chiral Perturbation Theory calculations.
Sum rules and Moments
Sum rules involving the spin structure of the nucleon offer an important opportunity to study QCD. In recent years the Bjorken sum rule at large Q 2 (4-momentum transfer squared) and the Gerasimov, Drell and Hearn (GDH) sum rule 10 at Q 2 = 0 have attracted large experimental and theoretical efforts 3 that have provided us with rich information. Another type of sum rules, such as the generalized GDH sum rule 11 or the polarizability sum rules, 12 relate the moments of the spin structure functions to real or virtual Compton amplitudes, which can be calculated theoretically. These sum rules are based on "unsubtracted" dispersion relations and the optical theorem.
Considering the forward spin-flip doubly-virtual Compton scattering (VVCS) amplitude g T T and assuming it has an appropriate convergence behavior at high energy, an unsubtracted dispersion relation leads to the following equation for 9,12 g T T :
where g pole T T is the nucleon pole (elastic) contribution, P denotes the principal value integral and K is the virtual photon flux factor. The lower limit of the integration ν 0 is the pion-production threshold on the nucleon. A low-energy expansion gives:
Combining Eqs. (1) and (2), the O(ν) term yields a sum rule for the generalized GDH integral:
3,11
The low-energy theorem relates I(0) to the anomalous magnetic moment of the nucleon, κ, and Eq. (3) becomes the original GDH sum rule:
where 2σ T T ≡ σ 1/2 − σ 3/2 . The O(ν 3 ) term yields a sum rule for the generalized forward spin polarizability:
Considering the longitudinal-transverse interference amplitude g LT , the O(ν 2 ) term leads to the generalized longitudinal-transverse polarizability:
Alternatively, we can consider the covariant spin-dependent VVCS amplitudes S 1 and S 2 , which are related to the spin-flip amplitudes g T T and g LT . The unsubtracted dispersion relations for S 2 and νS 2 lead to a "superconvergence relation" that is valid for any value of Q 2 ,
which is the Burkhardt-Cottingham (BC) sum rule.
13
At high Q 2 , the OPE 14 for the VVCS amplitude leads to the twist expansion. The leading-twist (twist-2) component can be decomposed into flavor triplet (g A ), octet (a 8 ) and singlet (∆Σ) axial charges. The difference between the proton and the neutron gives the flavor non-singlet term:
which becomes the Bjorken sum rule at the Q 2 → ∞ limit. The leading-twist part provides information on the polarized parton distributions. The higher-twist parts are related to quark-gluon interations or correlations. Of particular interest is the twist-3 component, d 2 , which is related to the second moment of the twist-3 part of g 1 and g 2 :
where g
is the twist-2 part of g 2 as derived by Wandzura and Wilczek
d 2 is related to the color electric and magnetic polarizabilities, which describe the response of the collective color electric and magnetic fields to the spin of the nucleon. 
Description of the JLab experiments
The inclusive experiments described here took place in JLab Halls A 18 and B.
19 The accelerator produces a polarized electron beam of energy up to 6 GeV.
A polarized high-pressure (∼12 atm.) gaseous 3 He target was used as an effective polarized neutron target in the experiments performed in Hall A. The average target polarization, monitored by NMR and EPR techniques, was 0.4±0.014 and its direction could be oriented longitudinal or transverse to the beam direction. The measurement of cross sections in the two orthogonal directions allowed a direct extraction of g , or equivalently σ T T and σ LT .
The scattered electrons were detected by two High Resolution Spectrometers (HRS) with the associated detector package. The high luminosity of 10 36 cm −2 s −1 allowed for statistically accurate data. The spin structure functions g n 1 and g n 2 are extracted using polarized cross-section differences. Electromagnetic radiative corrections were performed. Nuclear corrections are applied via a PWIA-based model. 20 To form the moments, the integrands (e.g. σ T T or g 1 ) were determined from the measured points by interpolation. To complete the moments for the unmeasured high-energy region, the Bianchi and Thomas parameterization 22 was used for 4 < W 2 < 1000 GeV 2 and a Regge-type parameterization was used for W 2 > 1000 GeV 2 . Polarized solid 15 NH 3 and 15 ND 3 targets using dynamic nuclear polarization were used in Hall B. The CEBAF Large Acceptance Spectrometer (CLAS) in Hall B, which has a large angular (2.5π sr) and momentum acceptance, was used to detect scattered electrons. The spin structure functions were extracted using asymmetry measurements together with the world unpolarized structure function fits. 21 Radiative corrections were applied. 4 , from break-up threshold for 3 He (from pion threshold for the neutron) to W = 2 GeV. The uncertainties, when visible, represent statistics only; the systematics are shown by the grey band. The solid squares include an estimate of the unmeasured high-energy part. The corresponding uncertainty is included in the systematic uncertainty band. The preliminary 3 He results rise with decreasing Q 2 . Since the GDH sum rule at Q 2 = 0 predicts a large negative value, a drastic turn around should happen at Q 2 lower than 0.1 GeV 2 . A simple model using MAID 3 plus quasielastic contributions indeed shows the expected turn around. The data at low Q 2 should be a good test ground for few-body Chiral Pertubation Theory Calculations.
The neutron results indicate a smooth variation of I(Q 2 ) to increasingly negative values as Q 2 varies from 0.9 GeV 2 towards zero. The data are more negative than the MAID model calculation. 3 Since the calculation only includes contributions to I(Q 2 ) for W ≤ 2 GeV, it should be compared with the open circles. The GDH sum rule prediction, I(0) = −232.8 µb, is indicated in Fig. 1 , along with extensions to Q 2 > 0 using two nextto-leading order χPT calculations, one using the Heavy Baryon approximation (HBχPT) 23 (dotted line) and the other Relativistic Baryon χPT (RBχPT) 24 (dot-dashed line). Shown with a grey band is RBχPT including resonance effects, 24 which have an associated large uncertainty due to the resonance parameters used.
The capability of transverse polarization of the Hall A 3 He target allows precise measuremetns of g 2 . The integral of Γ for the neutron). The MAID estimate agrees with the general trend but slightly lower than the resonance data. The two bands correspond to the experimental systematic errors and the estimate of the systematic error for the low-x extrapolation. The total results are consistent with the BC sum rule. The SLAC E155x collaboration 17 previously reported a neutron result at high Q 2 (open square), which is consistent with zero but with a rather large error bar. On the other hand, the SLAC proton result was reported to deviate from the BC sum rule by 3 standard deviations.
First moments of g 1 and the Bjorken sum
The preliminary results from Hall B EG1b 8 experiment onΓ 1 (Q 2 ) at low to moderate Q 2 are shown together with published results from Hall A 4 and Hall B eg1a 5, 6 in Fig. 2 along with the data from SLAC 17 and HERMES.
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The new results are in good agreement with the published data. The inner uncertainty indicates the statistical uncertainty while the outer one is the quadratic sum of the statistical and systematic uncertainties. At Q 2 =0, the GDH sum rule predicts the slopes of moments (dotted lines). The deviation from the slopes at low Q 2 can be calculated with χPT. We show results of calculations by Ji et al. 23 25, 26 . Both models agree well with the data. The leading-twist pQCD evolution is shown by the grey band. It tracks the data down to surprisingly low Q 2 , which indicates an overall suppression of higher-twist effects.
Spin Polarizabilities: γ 0 , δ LT and d 2 for the neutron
The generalized spin polarizabilities provide benchmark tests of χPT calculations at low Q 2 . Since the generalized polarizabilities have an extra 1/ν 2 weighting compared to the first moments (GDH sum or I LT ), these integrals have less contributions from the large-ν region and converge much faster, which minimizes the uncertainty due to the unmeasured region at large ν.
At low Q 2 , the generalized polarizabilities have been evaluated with next-to-leading order χPT calculations. 24, 32 One issue in the χPT calculations is how to properly include the nucleon resonance contributions, especially the ∆ resonance. As was pointed out in Refs. 24, 32 , while γ 0 is sensitive to resonances, δ LT is insensitive to the ∆ resonance. Measurements of the generalized spin polarizabilities are an important step in understanding the dynamics of QCD in the chiral perturbation region.
The first results for the neutron generalized forward spin polarizabilities γ 0 (Q 2 ) and δ LT (Q 2 ) were obtained at Jefferson Lab Hall A. 4 The results for γ 0 (Q 2 ) are shown in the top-left panel of Fig. 3 . The statistical uncertainties are smaller than the size of the symbols. The data are compared with a next-to-leading order (O(p 4 )) HBχPT calculation, 32 a next-to-leading order RBχPT calculation and the same calculation explicitly including both the ∆ resonance and vector meson contributions. 24 Predictions from the 
MAID model
3 are also shown. At the lowest Q 2 point, the RBχPT calculation including the resonance contributions is in good agreement with the experimental result. For the HBχPT calculation without explicit resonance contributions, discrepancies are large even at Q 2 = 0.1 GeV 2 . This might indicate the significance of the resonance contributions or a problem with the heavy baryon approximation at this Q 2 . The higher Q 2 data point is in good agreement with the MAID prediction, but the lowest data point at Q 2 = 0.1 GeV 2 is significantly lower. Since δ LT is insensitive to the ∆ resonance contribution, it was believed that δ LT should be more suitable than γ 0 to serve as a testing ground for the chiral dynamics of QCD.
24,32
The bottom-left panel of Fig. 3 shows δ LT compared to χPT calculations and the MAID predictions. While the MAID predictions are in good agreement with the results, it is surprising to see that the data are in significant disagreement with the χPT calculations even at the lowest Q 2 , 0.1 GeV 2 . This disagreement presents a significant challenge to the present Chiral Pertubation Theory.
New experimental data have been taken at very low Q 2 , down to 0.02 GeV 2 for the neutron ( 3 He) 27 and the proton and deuteron. 28 Analyses are underway. Preliminary asymmetry results just became available for the neutron. These results will shed light and provide benchmark tests to the χPT calculations at the kinematics where they are expected to work.
Another combination of the second moments, d 2 (Q 2 ), provides an efficient way to study the high Q 2 behavior of the nucleon spin structure, since it is a matrix element, related to the color polarizabilities and can be calculated from Lattice QCD. It also provides a means to study the transition from high to low Q 2 . In Fig. 3 
Conclusion
A large body of nucleon spin-dependent cross-section and asymmetry data have been collected at low to moderate Q 2 in the resonance region. These data have been used to evaluate the Q 2 evolution of moments of the nucleon spin structure functions g 1 and g 2 , including the GDH integral, the Bjorken sum, the BC sum and the spin polarizabilities.
At Q 2 close to zero, available next-to-leading order χPT calculations were tested against the data and found to be in reasonable agreement for Q 2 of 0.05 to 0.1 GeV 2 for the GDH integral I(Q 2 ), Γ 1 (Q 2 ) and the forward spin polarizability γ 0 (Q 2 ). Above Q 2 of 0.1 GeV 2 a significant difference between the calculation and the data is observed, pointing to the limit of applicability of χPT as Q 2 becomes larger. Although it was expected that the χPT calculation of δ LT would offer a faster convergence because of the absence of the ∆ contribution, the experimental data show otherwise. None of the available χPT calculations can reproduce δ LT at Q 2 of 0.1 GeV 2 . This discrepancy presents a significant challenge to our theoretical understanding at its present level of approximations.
Overall, the trend of the data is well described by phenomenological models. The dramatic Q 2 evolution of I GDH from high to low Q 2 was observed as predicted by these models for both the proton and the neutron. This behavior is mainly determined by the relative strength and sign of the ∆ resonance compared to that of higher-energy resonances and deep inelastic processes. This also shows that the current level of phenomenological understanding of the resonance spin structure using these moments as observables is reasonable.
The BC sum rule for both the neutron and 3 He is observed to be satisfied within uncertainties due to a cancellation between the resonance and the elastic contributions. The BC sum rule is expected to be valid at all Q 2 . This test validates the assumptions going into the BC sum rule, which provides confidence in sum rules with similar assumptions.
Overall, the recent JLab data have provided valuable information on the transition between the non-perturbative to the perturbative regime of QCD. They form a precise data set for a check of χPT calculations. New results at very low Q 2 for the neutron, 27 proton and deuteron 28 will be available soon. They will provide benchmark tests of the Chiral Pertubation Theory calculations in the kinematical region where they are expected to work.
Future precision measurements 30,31 of d n 2 at Q 2 = 3 − 5 GeV 2 will provide a benchmark test of Lattice QCD.
